Abstract-A new method to improve the dynamic response of power-factor correctors (PFC's) is described in this paper. The method is based on the use of a new very highly efficient postregulator, called a series-switching postregulator. This new postregulator exhibits very high efficiency due to the fact that only a part of the total power undergoes a power conversion process. The proposed postregulator can be used with any PFC topology (either with or without a transformer), with no modifications in the topology, and can be easily protected against short circuits.
I. INTRODUCTION
T HE use of power-factor correctors (PFC's) [1] , [2] is the usual way to get a high power factor on off-line switching power supplies. When a PFC is made up of only one stage, the static output voltage is accurately regulated, whereas the output voltage usually exhibits poor dynamic regulation. This is due to the fact that a low-pass filter must be included in the output voltage feedback loop when the bulk capacitor used to remove the low-frequency ripple (100-120 Hz) is placed at the output [2] .
To improve dynamic regulation and to decrease bulk capacitor size, a first option is to connect a second dc-to-dc converter in cascade with the first converter, with the bulk capacitor placed in between. This solution has two main drawbacks; as the whole power is handled twice, efficiency decreases. Also, circuit complexity is higher than for a one-stage converter. References [3] - [8] offer solutions in order to simplify the twocascade-stage system. They are based on one-stage converters where part (or the total) power is handled twice. The number of components is lower than in the two-cascade-stage system, but voltage and current stress in these components are higher.
An alternative method to reduce bulk capacitor size and to improve the dynamic response of PFC's with almost no efficiency penalty has been recently proposed [9] - [11] . This method is based on the use of a two-cascade-stage system where the second stage is a very highly efficient postreg- ulator called a "two-input buck (TIBuck) postregulator". In this postregulator, a considerable fraction of the input power (typically, 85%-90%) comes up to the load with no power processing and, therefore, with efficiency 1, whereas the remaining power undergoes power processing based on a buck topology and, therefore, with a typical efficiency of 80%-95%. As a result, overall efficiency of the postregulator is very high (typically, 97%-99%) and, therefore, complete firststage postregulator efficiency is very near to that of the first stage. However, this solution exhibits two main disadvantages.
• The first stage must be a two-output PFC.
• When a short circuit occurs, the energy stored in the higher voltage bulk capacitor causes a peak current which circulates through the TIBuck's transistor. In this paper, a new type of high-efficiency postregulator is described. This new postregulator is called a series-switching postregulator. As in the case of the TIBuck postregulator, a considerable fraction of the input power (typically, 85%-90%) comes up to the load with no power reprocessing and, therefore, with efficiency 1, whereas the remaining power undergoes power processing based on a dc-to-dc converter with transformer (a forward converter, for example) and, therefore, with a typical efficiency of 80%-90%. As a result, overall efficiency of the postregulator is very high (typically, 97%-98%) and, therefore, complete first-stage postregulator efficiency is very near to that of the first stage. Moreover, the proposed postregulator overcomes the above-mentioned disadvantages because only one input and only one bulk capacitor are needed, and the short-circuit peak current can be diverted in such a way that it passes through a low-frequency diode instead of any of the topology's semiconductors.
Finally, the proposed structure (main PFC series-switching postregulator) is a good tradeoff between dynamic behaviors (such as small bulk capacitor and fast response when the load changes), efficiency, cost and size. Fig. 1(a) shows a series-switching postregulator (the postregulator proposed in this paper) connected at the output of a standard one-stage PFC. In this circuit, the input voltage to the additional converter is the output voltage of the preregulator, and the output of this converter is connected in series with the output of the global converter.
II. THE SERIES-SWITCHING POSTREGULATOR
Therefore, the total first-stage output power is divided into two parts [see Fig. 1(b) ]. • A part of this power, , undergoes a power conversion with efficiency . Its value is
• The remainder of the power, , comes up to the load without power postprocessing and, then, with efficiency 1. Its value is
The total output power at the output of the series-switching postregulator is (1) being the output power of the converter used in the series-switching postregulator, that is, the only power that has undergone a conversion.
Overall postregulator efficiency can be easily computed from and the quotient as follows:
So, the closer and are, the lower is and the higher the overall postregulator efficiency is, because more power comes up to the load without power postprocessing in comparison with the power that undergoes a conversion with efficiency . Fig. 2 shows the postregulator efficiency as a function of and . However, the choice of must be made bearing in mind that must be always positive and large enough to compensate variations and to guarantee that is constant (Fig. 3) . The lower the output voltage variations (output voltage ripple transient response) of the preregulator are, the lower could be chosen and a lower could be selected. 
III. USING THE SERIES-SWITCHING POSTREGULATOR
IN DISTRIBUTED POWER SUPPLY SYSTEMS Although the proposed postregulator can be used with any PFC, it is a very attractive solution to be used in distributed power supply systems with a 48-V battery connected at the output of a PFC (Fig. 4) . In this case, the voltage ripple must be very low (150 mV) to avoid battery damage. On the one hand, if only a standard one-stage PFC is used, the bulk capacitor used to guarantee the low voltage ripple across the battery must be very big [ Fig. 4(a) ]. On the other hand, if a two-stage PFC [cascade connection, Fig. 4(b) ] is used, efficiency decreases and cost increases. The proposed solution (Fig. 4(c) ) is a good tradeoff between bulk capacitor size and converter cost and efficiency. It should be noted that, in normal applications, can be set around 1/10-1/8 and, therefore, only this same portion of the output power is processed in the postregulator. In practice, the dc-to-dc converter used in the postregulator will have almost the same features as the on-board dc-to-dc converters (similar input voltage and power range), with only one difference: the output voltage feedback loop will check instead of . Due to the fact that both the input voltage and the postregulator output voltage have the same ground reference, the output voltage feedback loop does not need any galvanic isolation, which makes it cheaper and easier to be designed.
In summary, the proposed postregulator allows us to improve the dynamic behavior of the overall PFC (output voltage ripple and transient response), slightly increasing the overall system complexity. Thus, from a system made up of one onestage PFC plus a very big bulk capacitor and " " low-power converters, we can obtain a faster system (better dynamics) made up of almost the same PFC (the output voltage is slightly lower), plus one small bulk capacitor and " " low-power converters.
IV. IMPLEMENTATION OF THE SERIES-SWITCHING POSTREGULATOR
In Fig. 5 , two possible implementations of the seriesswitching postregulator are shown, one of them using a forward converter [ Fig. 5(a) ] and the other one using a flyback dc-to-dc converter [ Fig. 5(b) ]. Fig. 6 shows several possible implementations of the overall ac-to-dc converter with the PFC preregulator and the pro- posed series-switching postregulator. The PFC is a flyback in Fig. 6 (a) and a boost in Fig. 6(b) . The same postregulator is used in both implementations, i.e., the series-switching postregulator based on a forward dc-to-dc converter.
V. SMALL-SIGNAL MODELING
The standard averaging techniques [12] , [13] , can be used to obtain a small-signal model of the proposed postregulator. Fig. 7(a) shows the small-signal model of a standard forward converter, whereas the small-signal model of the proposed postregulator, based on a forward converter, is given in Fig. 7(b) . In both circuits, . Fig. 8 shows the block diagram of the transfer functions obtained from the circuit shown in Fig. 7(b) .
VI. THE AVERAGE-CURRENT-MODE CONTROL (ACMC)
APPLIED TO THE SERIES-SWITCHING POSTREGULATOR Fig. 9 shows the basic diagram for the series-switching postregulator with ACMC. Following the process explained in [14] and [15] applied to this postregulator [16] , the transconductance is given by (3) Fig. 9 . ACMC in a series-switching postregulator. being (4) where is the resistor of the current sensor, is the gain of the current regulator at the frequencies where this gain is constant, and is the oscillator ramp peak-to-peak voltage.
Similarly, the transfer function between the output voltage and the control voltage , has another pole at due to the output RC cell. The final expression for is (5) Moreover, the transfer function between the output voltage and input voltage has also been carried out [16] (6) being (7) Fig. 11 . Transfer function G i . Fig. 12 . Transfer function KG vi (K = 026:7 dB).
As was deduced in [16] , the relation between the crossover frequency and the switching frequency is (8) VII. SHORT-CIRCUIT PROTECTION When a short circuit is detected, the protection circuitry decreases both the PFC and the postregulator duty cycles up to values near to zero. In these conditions, the output voltage decreases very quickly from to (the output capacitor is not the bulk capacitor and, therefore, it is relatively small). When both voltages are equal, the low-frequency diode gives an alternative way for the peak current that discharges the bulk capacitor , avoiding damage in any of the converter's semiconductors. The sharing of the current by both ways depends on the real characteristics of the semiconductors employed and on the value of the output inductor, but the current peak by the output of the converter will be attenuated anyway. 
VIII. EXPERIMENTAL RESULTS
A prototype of a series-switching postregulator has been built and tested. Its main characteristics are (Fig. 10 )
The ACMC has been applied to this prototype. Several experimental and theoretical transfer functions are shown in Figs. 11 and 12. The voltage ripple at the input and the output of the postregulator is given in Fig. 13 , where it can be seen that an attenuation of 50 dB has been achieved. Fig. 14 shows the output voltage when a sharp change in load occurs. Note the different scales of representation: 5 V/div for and 20 mV/div for . Finally, Fig. 15 shows the postregulator efficiency.
IX. CONCLUSION
Series-switching postregulators are very interesting postregulators to be used with PFC's due to their inherent high efficiency. This very high efficiency is based on the fact that not all the postregulator input power undergoes a switching conversion, but only a part of it. The remaining power passes directly through the converter with no switching conversion process and, therefore, with efficiency 1. The greater this power is in comparison with total power, the greater total efficiency is.
The use of this type of postregulator to improve the dynamic response of a PFC has been analyzed in this paper. The results obtained show that the same line ripple at the output can be obtained either with this postregulator with ACMC or with a bulk capacitor 260 times larger. Transient response when the load changes has also been improved. Finally, it should be noted that all of these results have been obtained when the switching frequency was 100 kHz and with overall postregulator efficiency at full load of 97.5%.
